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TIIEOAETICAL DATA ON THE STABILITY OF SIDERITE 

I N  "HE PEQCESS OF tdETAM0,WHISEII 

The carbonates  of t h e  isomorphous series FeCoj-Mgco, which are widespread in 

the  pre-Cambrian f e r r o s i l i c o n  f ormutions, p r t i o u l a r l y  s i d e r i t e  and s i d e r o p l e s i t e ,  

played a n  important p a r t  i n  t h e  metamorphic process  o f  mine ra l  formation. The 

importance of s i d e r i t e  as a pro5abLe outarop of t h e  primary sedimentary or d i a g s n e t i c  

i r o n  mirieral, transformed i n t o  t h e  ohief ore minera l  of fe r ruginous  q u a r t z i t e s  and 

j a s p i l i t e s ,  magnet i te ,  was f r equen t ly  emphasized i n  geo log ica l  l i t e r a t u r e  c, 7, 11, 

20, 21 and 2 g  But the hypothes is  OP the primary sedimentary gens i s  Or magnetite 

p7, 27, 28, 35 and 377 and t h e  formation of magnet i te  i n  t h e  metamorphism of hydrous 

f e r r i c  oxide or hematite E and 3 q  has r ecen t ly  gained wide credence. 

- 

The problem of t h e  genes i s  of magnetite i n  t h e  metamorphosed fe r ruginous  rooks 

i s  c l o s e l y  a s soo ia t ed  with t h e  s tabi l i ty  of i t s  poss ib l e  outoropping products  -- 
I - s i d e r i t e ,  hydrous f e r r i o  oxide and hematite. we s h a l l  oonfine ourse lves  f u r t h e r  

on t o  a d e t a i l e d  t h e o r e t i o a l  study of s i d e r i t e  s t ab i l i t y  as temperature,  p re s su re  and 

concent ra t ion  func t ions  (expressed i n  terms of v o l a t i l i t y )  of t h e  possible  b a s i c  com- 

ponents--HZO, C02,  02, Co and HZ--inthe metamorphio f l u i d s ,  and a brief d i souss ion  

of hematite s t a b i l i t y  i n  t h e  condi t ions of i t s  t r ans fo rma t ion  i n t o  magnet i te .  

The information on s i d e r i t e  s t a b i l i t y  i n  cond i t ions  of metamorphism, found i n  

geo log ica l  l i t e r a t u r e ,  i s  based pr imari ly  on mineralo-petrographic observa t ions  and, 

t o  a lesser extent, on thermographic inves t iga t ions .  Theore t i ca l  and experimental  

d a t a  on s i d e r i t e  s t a b i l i t y  a t  h igh  temperature and under g r e a t  pressure  are q u i t e  

l imi t ed .  

were f i r s t  ca l cu la t ed  by Goldschmidt f o r  c e r t a i n  r e a c t i o n s  w i t h  s i d e r i t e  : 

Only D.S. Korzhinskiycs study / r q  oontains  the curves P =f ( T )  which 
002 - 

FeCO, 4- Fe,O, g Fe,O.; + CO, , (I! 
(W 
(In) 

FeCO, + SiO, :? FeSiO, f CO, 
4FeC0, f FeS, 2 2FeS f Fe,O, +- 4C0,. I 

These curves were la ter  inoluded i n  a number of monographs and even tex tbooks  &?,q, 
d e s p i t e  the f a c t  tha t  Goldschmidt s aa lcu la t ions  were based on inaccura t e  thermodynamic 



* magnitudes, and now requ i r e  

It i s  a l s o  q u i t e  c l e a r  that 

oonsiderable c o r r e c t i o n s  on the basis of  the new da ta .  

t h e  c i t e d  r e a c t i o n s  do n o t  i n  any way exhaust a l l  t h e  

poss ib le  methods of t ransforming s ide ra t e ,  and cannot be used as a b a s i s  f o r  p l o t t i n g  

a s t a b i l i t y  diagram i n  coord ina tes  T - P . Furthermore, t h e  commonly accepted 

methods of cons t ruc t ing  a carbonate  s t a b i l i t y  diagram as a mere f u n c t i o n  of p a r t i a l  

C02 preassure  does  not  enable u s  t o  prove the important r o l e  of H 2 0  a d  CO 

p o s s i b l e  oxid izers ,  and inc lude  H 0 a s  w e l l  as CO a n  H 

determining the boundaries of ir on-ore minera l  s t a b i l i t y .  

co2 

as  2 

i n  t h e  number of v a r i a b l e s  
2 2 

we have made thermodynamic ca l cu la t ions  o f  the  equi l ibr ium cons tan t s  of a l l  

poss ib l e  thermal d i s s o c i a t i o n  r eac t ions  and t h e  t h e o r e t i a l l y  v a l i d  r educ t ion  - 
ox ida t ion  r e a c t i o n s  involving t h e  use  a f  s i d e r i t e  and i t s  decay products.  

r e s u l t i n g  d a t a  were used f o r  t h e  cons t ruc t ion  of diagrams of the s i d e r i t e  stabil i ty 

f i e l d s  and i t s  a l t e r a t i o n  products-Fe0, Feg04 and Fe 0 

concen t r a t ion  ( v o l a t i l i t y )  f u n c t i o n s  of t h e  components i n  t h e  metamorphic f l u i d s .  

The curves  p 

a l s o  de f ined  more prec ise ly .  The r e s u l t s  obtained show t h e  importance of w a t e r  and oar-  

bonic  a c i d  as high-temperature ox id i ze r s  i n  t he  metamorphic processes.  

The 

-- as t h e  temperature  and 
2 3  

= f (T) of t h e  above-oited Goldschmidt-Korzhinskiy r e a c t i o n s  were 
eo2 

The thermodynamia c a l c u l a t i o n  methods 

The methods of thermodynamic c a l c u l a t i o n s  of chemical processes,  inc luding  t h e  

processes  t h a t  are t ak ing  p l ace  i n  t h e  earth's c r u s t  E,6,15,  18 and ly, a r e  d e a l t  

w i t h  i n  voluminous l i t e r a t u r e .  I n  sone of t h e  publ ica t ions ,  t h e  methods of c a l c u l a t i n g  

t h e  cons t an t s  of t h e  r e a c t i o n  equi l ibr ium ( K )  are presented a s  temperature func t ions .  

The f i n i t e  equat ions  reccmmended f o r  t h e s e  ca lou la t ions  by var ious  au thors  may by 

d i f f e r e n t  i n  form, but i n  most cases  they  a r e  based on t h e  i n i t i a l  equat ion of t h e  

i so the rm r e a c t i o n  : 

* The symbols f o r  the thermodynamic magnitudes everywhere are those  proposed by 
V. A. Kireyev [l]]. 
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The magnitude of t h e  changing f r e e  energy or Gibbs p o t e n t i a l  (Az) of t h e  

inves t iga t ed  r e a c t i o n  a t  an unknown temperature ( T )  can b e  determined w i t h  var ious  

degrees of accuracy, depending on whether t h e  changing thermal oapaoity of' t h e  re- 

a c t i o n  and t h e  changing thermal  capac i t i e s  of t h e  component-temp rature r e a c t i o n  

a r e  taken i n t o  account. 

In the  c a l c u l a t i o n s  used i n  t h i s  study, t h e  equi l ibr ium cons tan t s  of t h e  meta- 

morphic r e a c t i o n s  a t  unknown temperatures  a r e  determined by t he  equat ions  of t h e  

r e a c t i o n  i s o b a r s  : 

which w a s  i n t e g r a t e d  after t h e  s u b s t i t u t i o n  of equat ion 

d i f f e r e n t  from t h e  accepted degree of accuraoy. 

t h e  obtained formulas are presented i n  g r e a t e r  d e t a i l  i n  uur previous s tudy D67. 

H = f ( T )  whioh was 

The conclusions and f i n a l  form of 

- -  
The equi l ibr ium cons tan ts  f o r  most of t h e  s tud ied  r e a c t i o n s  were ca l cu la t ed  wi th  

the  t h e o r e t i c a l l y  h ighes t  poss ib le  accuracy, including the changing thermal  capac i ty  

of the sub s tances  r e a c t i n g  with t h e  temperature. The requi red  tnermodymmic magni- 

t u d e s  ( 6 ~ ~ ~ ~ .  sZ9*, c ~ ~ ~ ~ ,  and t h e  thermal capac i ty  equat ion  f a c t o r s  a, b, and c )  

were t aken  from t h e  r e fe renae  book p47. m e n e v e r  t h e  a, b and o c o e f f i c i e n t s  were  

not  known f o r  a l l  t n e  r e a c t i n g  substances,  w e  took i n t o  account only t h e  changing 

thermal capac i ty  produced by t h e  r eac t ion .  

f e rence  between the equi l ibr ium cons tan ts  obtained i n  the ca lcu la t ions  i n  t he  first 

and t h e  o ther  oases  was  insignif iccrnt ,  

There are a l s o  o the r  methods of computing 

0 0 0 

- 

It should be pointed out  t h a t  t h e  d i f -  

A2 and K r e a c t i o n s  whereby pretabu- 

lated magnitudes F, 19 and 247 are  used wi th  a view t o  s implifying the ca l cu la t ions .  

A l l  t h e s e  methods produce approximate resuLts ,  but wi th  a u x i i i a r y  t a b l e s  i t  i s  i m -  

p o s s i b l e  t o  compute t h e  equi l ibr ium cons tan ts  a t  in t e rmed ia t e  temperatures  f o r  which 

t h e  tabAes d o  not  con-cain any ca l cu la t ed  coe f f i c i en t s .  

i n  t h i s  s tudy i s  t h e r e f o r e  more universa l ,  and not  very  labor-consuming when t h e  

s i m p l s s t  t ypes  of c a l c u l a t i q  machines are used. 

- - 

The c a l c u l a t i o n  system used 
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. If the equi l ibr ium constant  of: the  r e a c t i o n  a t  a given tempera ture  i s  known, 

i t  i s  easy t o  f i n d  the composition of t h e  equi l ibr ium gas  mixture ( f l u i d )  which i s  

expressed by the  p a r t i a l  p ressure  o r  v o l a t i l i t y  ( f u g a c i t y )  01' t h e  cmponents ,  

v i e w  of the f a c t  t h a t  during the rneT;aorphism t h e  t o t a l  as w e l l  a s  partial pressure  

of t h e  bas ic  v o l a t i l e  components could amount t o  hundreds and thosands of atmospheres, 

when t h e  d e v i a t i o n  of the  gas  p rope r t i e s  from t h e  i d e a l  gas i s  considerable ,  t he  ex- 

p re s s ion  of t h e  equi l ibr ium constant  i n  p a r t i a l  p re s su re  should be avoided, In t h i s  

s tudy we have ca l cu la t ed  t h e  magnitude Kf, a thermodynamic equi l ibr ium cons tan t ,  which 

i s  not  dependent on pressure.  

by t h e  v o l a t i l i t y  or' t h e  components i n  a mixture  of rea l  gases )  w i t h  t h e  equi l ibr ium 

constant  K 

that when the pressure  i s  l o w  enough and t h e  m i x t u r e  of real  gases  i s  governed by t h e  

l a w  of i d e a l  gases ,  Kf i s  equal  t o  K 

s i d e r a b l s  d i f f e r e n c e  between ICp and K . 
i s  t h e  t r a n s i t i o n  from Kf t o  K 

pressure  e f f e c t  on t h e  s t a b i l i t y  range of t h e  mine ra l s  and the  composition of t h e  

equi l ibr ium gas  mixture. 

wi th  a f a i r  degree  of accuracy only i n  t h e  areas of moderate pressure,  assuming t h a t  

t he  mixture  of real g a s e s  i s  i d e a l  and t ha t  t h e  Lewis and Randall r u l e  can be  ap- 

p l i e d  t o  it. The t h e o r e t i c a l  s u b s t a n t i a t i o n  of  such c a l c u l a t i o n s  and examples af' 

their p r a c t i c a l  a p p l i c a t i o n  can be  found i n  t h e  special s tud ie s  /y & 87. 

of metamorphic processes,  t h e s e  quest ions r e q u i r e  a separa te  cons idera t ion  which i s  

beyond t h e  scope of t h i s  a r t i c l e .  

- 
I 

In 

A conparison of t h e  equi l ibr ium cons tan t  K (expressed 
f 

(expressed by t h e  p a r t i a l  p ressure  i n  a mixture  of i d e a l  gases )  shows 
P 

When t h e  pressure  i s  high, t h e r e  i s  a con- 
Po 

The computation of t h i s  d i f f e rence ,  t h a t  

i s  requi red  f o r  t h e  prec ise  c a l c u l a t i o n  of t h e  
P 

PD 

T h i s  i s  a very complicated problem, and it can be solved 

In t h e  oase - - 

The above observa t ions  should 5e taken  i n t o  cons idera t ion  when proceeding from 

t h e  d a t a  obtained on t h e  b a s i s  of thermodynamic ca l cu la t ions  t o  t h e  a c t u a l  oondi t ions 

e x i s t i n g  i n  the  period of metamorphism. The equi l ibr ium cons tan ts  of  t h e  r e a c t i o n s  

and t h e  s t a b i l i t y  range of t h e  minerals  r e f e r r e d  t o  below a r e  expressed i n  terms of 

t h e  v o l a t i l i t y  or' t h e  g a s  components a s  i s  usua l ly  done i n  t h e  contemporary s t u d i e s  

dea l ing  w i t h  the use of thermochemistry f o r  t h e  so lu t ion  of p e t r o l o g i c a l  problems, as 

4 
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f o r  example i n  8. Hollandss study p 4 7 .  The switoh t o  p a r t i a l  p re s su res  i n  c e r t a i n  - 
diagrams i s  due t o  t he  assumption t h a t ,  i n  t h e  f i r s t  approximation, t h e  gas  v o l a t i b  

l i t y  i s  equal  t o  i t s  p a r t i a l  pressure.  

The method of cons t ruc t ing  a diagram of mineral  s t a b i l i t y  as  a temperature  and 

v o l a t i l i t y  f u n c t i o n  of t h e  components of the equi l ibr ium gas  mixture  i s  no t  very d i f -  

f i c u l t ,  and does no t  r e q u i r e  any spec ia l  examination. 

such diagrams a r e  descr ibed i n  g r e a t  d e t a i l  by P. Harrels fi] f o r  lm- T and p regions1 

t h e  only d i f f e r e n c e  i n  t h e  cons t ruc t ion  of s imi l a r  diagrams f o r  high T and p va lues  

The methods of cons t ruc t ing  

i s  t ha t  t h e  v o l a t i l i t y  of the components i s  s u b s t i t u t e d  Por t h e i r  partial  pressure.  

The l imi ted  scope of t h i s  ar t ic le ,  and p a r t i c u l a r l y  t h e  diagrams, prevent a f u l l e r  

d e s c r i p t i o n  of t he  e f f e c t  of high pressures  on t h e  range or’ minera l  s t a b i l i t y .  

The r e s u l t s  of the thermodynamic c a l c u l a t i o n s  and 
t h e  diagrams of t h e  s t a b i l i t y  range 

The r e s u l t i n g  d a t a  are graph ica l ly  presented i n  t h e  f a r m  of curves  1gK t f(T) f 
f o r  a l l  t h e  t h e o r e t i c a l l y  a u t h e n t i o  d i s s o c i a t i o n  and ax ida t ion  r e a c t i o n s  of FaC%, 

as w e l l  as t h e  r e a c t i o n s  produced by the d i s s o c i a t i o n  of t h e  s o l i d  and gaseous phases 

t h a t  are  present  i n  t h e  systems. The ca loula ted  r e a c t i o n  equi l ibr ium oonstants  w e r e  

used f o r  t he  cons t ruc t ion  of diagrams showing t h e  s t a b i l i t y  range of s i d e r i t e  and 

f e r r i c  oxide,  The metastable assooia t ions  a re  de le t ed  from t h e s e  diagrams, N o r  are  

t h e  poss ib l e  methods of reducing FeC% and t h e  products of i t s  conversion t o  f e r r o u s  

metal  d i scussed ,  inasmuch as  these reac t ions  a r e  not  very probable i n  n a t u r a l  condi- 

t i o n s .  I n  t h e  oa l cu la t ions  and diagrams we used a temperature  range of  25-600°C. 

The fo l lowing  poss ib l e  b a s i c  v a r i a n t s  are analyzed t o  show t h e  c h a r a c t e r i s t i c  

features of t h e  metamorphic t ransfarmat ion  of s i d e r i t e  i n  var ious  media: a)  the  change 

of s i d e r i t e  i n  a n e u t r a l  d ry  medium (with f r e e  oxygen and water absent  from t h e  

system); b) t h e  change of s ider i te  i n  the presence of water (wi th  free oxygen absent  

from t h e  system); 0 )  t h e  change of s i d e r i t e  i n  t h e  presence of  f r e e  oxygen, 

The FeO-C02-CQ system 

The thermal d i s s o c i a t i o n  process  of s i d e r i t e  in a n e u t r a l  medium which conta ins  

no free oxygen or water can b e  described by %he fol lowing d i r e c t  r e a c t i o n s :  

5 



3 F e C 0 3 s  Fe304 + 2C0, + CO, (VI 
2FeC0,Z Fe,O, + CO, + CO. 

Ve must a l s o  inc lude  t h e  succeeding oxidakion-reduction r e a c t i o n s  which  may theo-  

r e t i c a l l y  occur i n  t h e  case of a s t ep - l ike  d i s s o c i a t i o n  of s ider i te .  

( V I I I )  

2Fe,O, + C02 2 3Fe203 -+ CO, ( W  
The poss ib le  v a r i a n t  r e a c t i o n s  involving t h e  r educ t ion  of C02 and CO t o  C a r e  not  

c i t e d  because their  l i ke l ihood  i s  very small. 

The stable c o r r e l a t i o n s  between t h e  f e r r o u s  compounds ('FeC03, FeO, Fe304 and 

Fe2O3) i n  t h i s  system can be expressed only i n  form of func t ion  fbw as w e l l  as fipo 

and f to  ( i t  i s ,  of course, understood t h a t  s t a b i l i t y  i s  a l s o  a temperature  funot ion) .  

It should be pointed out that t h e  d e s c r i p t i o n  of s i d e r i t e  s t a b i l i t y  i n  geological  

l i t e r a tu re  merely as  a f u n c t i o n  PeaZ ,@ and 137 or fee2 fl47 i s  obviously inadequate 

a s  it does  no t  t ake  i n t o  account  t h e  possible  oxida t ion  of t h e  x b iva l en t  i r o n  can- 

pounds by carbonic  ac id .  

- - - -  

Some geologica l  pub l i ca t ions  /37 conta in  r e fe ranoes  t o  - 
t h e  ox id iz ing  e f f e c t  of C 0 2  on t h e  processes of abyssa l  mineral  formation, but such 

a n  e f f e c t  i s  no t  evaluated. 

A s  t h e  thermodynamic ca l cu la t ions  show, i n  t h e  oxida t ion  of Fez+ conpounds t h e  

ca rbon ic  a c i d  i s  reduced t o  COS and i n  the case uncle7 cons idera t ion  FeCOg or  FeO 

should be converted t o  Feg04 or  evaii FegOg. The p r o b a b i l i t y  of such a process  be- 

comes obvious by a n  examination of the curve l&, = f ( T )  of the  r e a c t i o n  involving 

t h e  t r ans fo rma t ion  of s i d e r i t e  i n k @  magnetite (Fig.  1, curve V ) ,  which a t  tempera- 

tures  above 175OC i s  l o w t e d  higher  than the a n a l o g i c a l  curve I V  of t h e  r e a c t i o n  

whereby s i d e r i t e  i s  converted t o  FeO with only a C 0 2  discharge.  An inc rease  i n  tem- 

p e r a t u r e  s h i f t s  t h e  equi l ibr ium i n  these  r e a c t i o n s  t o  t h e  r i g h t ,  and considerably 

widens the gap between t h e  equi l ibr ium cons tan ts  ( w i t h  5W°C Kf of r e a c t i o n  IV equal 

t o  L03,7, and r e a c t i o n  V t o  A O l o D 2 ) .  

I 
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The f u r t h e r  ox ida t ion  of t h e  formed magnet i te  t o  hemati te  by carbonic  aoid 

I i n  r e a c t i o n  IX can occur iln, o n l y , a  very low(  i'to value,  and the  achieverrent of t h e s e  

i n  f e r r o s i l i c o n  rooks containing s i d e r i t e  i s  not very  prooable. Our data f u l l y  oo- I 

i m i d e  wi th  those  of J. Hawley and S, Xobinson /337 who reached the  conclusion t h a t  

it i s  impossible t o  oxidize magnetite by carbonic a c i d  discharged during t h e  assimi- 

l a t i o n  of l imestone w i t h  g ranod io r i t e  magma i n  the process of con tac t  metasomatic 

l a y e r  formation. 

- 

The conclusion t h a t  t h e  decomposition of s i d e r i t e  r e s u l t s  i n  t h e  formation of 

magnetite as a s t a b l e  mineral  w i t h i n  a wide range of ftcz and fc. va lues  may be  drawn 

a l s o  from t h e  ourves lgKf = U( T) el' t h e  IV, V I I ,  V I 1 1  and IX r e a c t i o n  (Fig.  1) which 

desc r ibe  t h e  same d i s s o o i a t i o n  process of s i d e r i t e  but on t h e  assumption t h a t  it i s  

cha rac t e r i zed  by a stepwise course:  the  decomposition of s i d e r i t e  i n t o  FeO and C02 

took p l ace  f irst ,  and the oxida t ion  of FeO with t h e  release of carbon d ioxide  next. 

The ox ida t ion  of FeO can a l s o  end i n  the  formation of Fe304 ( r e a c t i o n  V I f )  wi thout  

cont inuing  to t h e  formation of Fe203 because t h e  l a s t  r e a c t i o n  (IX) is cha rac t e r i zea  

by very low Kf magnitudes f o r  a l l  t h e  temperatures  under considerat ion.  

1&/ \ 

IO 

+5 

0 

- -5 10 

Fig. 1, The r e l a t i o n s h i p  between t h e  logarithm of t h e  
equi l ibr ium constant  and the  temperatures  requi red  

IV - F ~ C O , S F C O + C O ~ ;  

f o r  t h e  r e a c t i o n s :  

V - 3  F C C O > $ F C ~ O ~ + ~  CO>+CO; 
VI  - 2 FeCO,fI'e:Ol+CO,+CO; I 

VI1 - 3  F c O + C O : ~ F c , O ~ t C O .  
VI11 - 2  FeO+CO,$FeiOitCO; 

I X  - 2 F e 3 0 4 + C 0 2 c 3  F e . 0 3 ~ C 0 .  

7 



Some au thor s  /267 bel ieve t h a t  s i d e r i t e  i s  transformed i n t o  magnet i te  dur ing  - 
t h e  metamorphism i n  the  presence of oxygen, according t o  t h e  fol lowing scheme: 

FeCO, + FeO f CO, , 
3FeO + 0 = FeO. F%03; 

1 

The above-cited data make it c l e a r  that such an assumption i s  a b s o l u t e l y  unnecessary; 

furthermore,  w i t n  a cons tan t  supply of oxygen s i d e r i t e  should be  converted to hema- 

t i t e ,  rather tinan magnetite,  as  W i l l  be shown later.  

The s t a b i l i t y  range of s i d e r i t e  and f e r r i c  oxides  i n  t he  coord ina tes  lgfoo2, 

0 l g f c o  and T C i s  shown on the  diagram (Fig.  2). 

gram f o r  4UO'C i s  shown i n  Fig. 3. 

The isothermal  c rosscut  or' t h e  d i a -  

The pa r t  of the  diagram l imi t ed  by t h e  magnitude l g  (fcoz fCO) not  above 4, 

which i n  t h e  f i r s t  approximation corresponds t o  the  t o t a l  prassure of t h e s e  cmponents  

of 10,000 atmospheres, may have some p r a c t i c a l  va lue  f o r  an a n a l y s i s  of t h e  metamor- 

phic  processes.  The s t a b i l i t y  range i n  the f i e l d  of hip3ler lg (z f )  va lues  has only 

i l l u s t r a t i v e  s ign i f i cance .  

C lea r ly  seen  on the diagram (Fig.  2) i s  t h a t  the s t a b i l i t y  f i e l d s  of s i d e r i t e  
.. 

are reduced w i t h  i nc reas ing  temperature and a corresponding expansion uf the magnet i te ,  

hemat i te  and FeO. The q u a n t i t a t i v e  value, of' t h e  equi l ibr ium v o l a t i l i t y  of' COz and 

CO f o r  each mineral  o r  mineral  a s s o c i a t i o n  a t  any tempmature  can easi ly  be determined 

d i r e c t l y  from t h e  diagram. It would be more convenient t o  cons t ruc t  such a diagram 

by t h e  use of i so thermal  c ros scu t s  (Fig. 5 )  ana supplement them w i t h  i s o b a r i c  curves.  

For example, t h e  equi l ibr ium gas  mixture found fron t h e  graph f o r  a s ider i te -magnet i te  

a s s o c i a t i o n  a t  a temperature  of 400'C and a t o t a l  v o l a t i l i t y  of 1,LW is charac te r ized  

by fco2-1U00 and fco - lOO which, i n  the  f i r s t  approximation, corresponds t o  P,02-IOuu 

atmospheres and Pco-lOO atmospheres, with a r a t i o  of PCo -Pco r a t i o  of 1G:l. 

fco i n c r e a s e  occurs before  t h e  conversion of magnet i te  t o  s i d e r i t e ,  and the fco re- 

The 
2 

d u c t i o n  before  the  r eve r se  process,  The s table  ex is tence  of FeZ03 a t  high tempera- 

tures i n  paragenesis  w i t h  s i d e r i t e  i s  poss ib l e  only a t  high fcO2 and very low tGO. 

Above 3i)OoC, the  equi l ibr ium exis tence  of t h i s  a s s o o i a t i o n  would r e q u i r e  a partial 

COz p re s su re  above 10,OUO atmospheres, which i s  not very probable under n a t u r a i  con- 

d i t i o n s .  Equally improbable are  an a s s o c i a t i o n  of s i d e r i t e  wi th  FeO and the independent 

8 



ex i s t ence  of FeO which are poss ib l e  only a t  h igh  f,, and very low fCoZ values.  

. That i s  important i s  t ha t  t h e  boundaries between the  s t a b i l i t y  f i e lds  or fe r r ic  

oxides a r e  determined pr imar i ly  by foo i t s e l f .  

The r e s u l t i n g  da ta  serve  t o  emphasize t h e  importance of CO i n  t h e  metamorphic 

processes which S h O U l a  no t  be disregarded when ana lyz ing  t h e  condi t ions  of the 

genes is  and ex i s t ence  of f e r r o u s  minerals  and t h e i r  assoc ia t ions .  

F ig ,  2. Diagram of the s t a b i l i t y  f i e l d s  of Fig.  3. I a o t h e m i c  c ross  s e c t i o n  a t  
s i d e r i t e  and i r o n  oxides i n  t he  coordin- 4OO0C of the -Agf,,-T dia- 

ates Igf, lgf,,, and t°C. gram of the F ~ O - ~ O ~ - C O  system. 
O2'  

We will f u r t h e r  d e f i n e  t h e  curves Pc, = f ( T )  of the Go~dschmidt-Korehinskiy re- 
2 

a c t i o n s  I, I1 and 111 (Fig. 4)* Tne f i r s t  of these r e a c t i o n s  i s  a partial  case of  

t h e  system under study, and it ag rees  witn t h e  mul t iva r i an t  curve i n  Fig.  2 or t h e  

i n v a r i a n t  po in t  i n  Fig.  Y (wi th  T .I oonst.) for t h e  equi l ibr ium a s s o c i a t i o n  of s i -  

derite-magnatite-hematite, 

curve i n  the  area of lower temperature,  a s  w e l l  as t h e  f a c t  t h a t  t h e  ex i s t ence  of t h i s  

mineral  a s s o c i a t i o n  as a n  equi l ibr ium a s s o c i a t i o n  i s  poss ib l e  only a t  lcmr  Pco vaiues. 

Two o t h e r  r e a c t i o n s  are i n d i r e c t l y  r e l a t ed  t o  the  system under s tudy inasmuch a s  they  

inc lude  SiUz and i r o n  sulf ides .  

considerp.bly d i f f e r e n t  E rom t h o s e  c i t e d  i n  t h e  previous s tud ie s .  

Mention should be made here of t h e  displacement of this 

The c u r v e s  PCo2 = f ( T )  of these r e a c t i o n s  are a l s o  

Y 
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= f( T) of t h e  decarbonizut ion r eao t ions :  

I I* - FCCO, + S I O , ~ F P S  IO, + CO,: 

Fig. 4. Curves Pc, 
2 I - FeCO,+FezO,~F'e,O,+CO~: 

I 

I11 - 4 F ~ C O J + F C S ~ ~ ~ F ~ S + F ~ , O ~ + ~ C O ~ .  

The curves P = f ( T )  of t h e  same ret lc t ions (Ia, IIa, IIIa), 
according toc8? S. Korzhinskiy, are pwsemcrd f o r  purposes of 

comparison with t h e  dot ted  l i n e s .  

The FeO - HZu - COz - H system. 
2 

The poss ib l e  oxida t ion  r e a c t i o n  of  s i d e r i t e  and i t s  d i s s o c i a t i u n  products  by 

water a r e  a i scussed  i n  t h i s  system. 

3FCCO3 $. H,O 2 FC,O.l+ 3C0, + H,, 

(XI) 2FeC0, + H,O 2 Fe20, + 2C0, + H,, 
2Fe,04 f H,O f 3Fe,0, + H,, 

3FeO + H,O c' Fe30* + H,, 
2 5 0  + H,O 2 F%O, + H,. 

These cons t ruc t ions  were made on t h o  assumption tha t  f r e e  oxygen w a s  absent 

froii t h e  system, and that  t h e  d i s s o c i a t i o n  of t h e  s i d e r i t e  i n  r e a c t i o n s  V and V I  

d id  not t a k e  place. Tne l a t t e r  assumption i s  f u l l y  s u b s t a n t i a t e d  from a thermody- 

namic p o i n t  of view. 

There are re ferenoes  i n  some geologica l  s t u d i e s  t o  water U S  the possibAe natu-  

r a l  oxiuuer f l  and 277, but only V. Mttnn /36/ comes t o  tne  conclusion, on t h e  basis - - - -  
* The a a l c u l o t i o n  of r e a c t i o n  II involved t h e  replucement of t h e  quar tz  va lue  

 AH&^, c i t e d  i n  t h e  t a b l e ,  by a new va lue  -217.7 kilocal. /mole.  



. 
of theirnodynamic ca l cu la t ibns ,  t h a t  the oxidakion of magnet i te  i n t o  hemati te  by 

water i s  no t  very probable. W'e have s h m  fl67 t h a t  a t  N g h  t emptrh tures  w a t e r  

can oxidize s i d e r i t e  i n t o  magnatite.  A fur ther  ax ida t ion  i n t o  h e m s t i t e  i s  not  

p r a c t i c a i .  

- -  

Fig .  5. The dependence of t h e  logarithm of t h e  equ i l ib r ium constant  
on temperature  i n  regard t o  r e a c t i o n s :  

x - 3  F c C O ~ + H 1 0 1 ~ F e ~ 0 ~ + 3 C O l + H l ;  
XI - 2 FeC03+ H 2 O Y ~ f % 0 ~ + 2 C 0 ~ + H l ;  
XI1 - 2 ~ C 3 0 ~ + H 1 0 y ~ 3 ~ ~ ~ 0 ~ + r i ~ ;  

X I I I  - 3  FCO+H,O~ ~ I ~ C ~ O , + ~ I ~ ;  I 

XIV - 2 FeO+HYO2 zFe103+H1.  

The d o t t e d  lines are presenttm for ana log ioa l  r e a o t i o n s  (Xa, XIa and X I I p ) ;  
t h e  i;urveS l g q  :: f(T) a r e  aa l cu la t ea  on t he  assumption that t h e  water present  i n  
t h e  reaction was nut i n  a gaseous (Y2U2) but a l i q u i d  (H20p)  phase. 

Calcu la t ions  show t h a t  s i d e r i t e  i s  s tab le  a t  r e l a t ive i j r  low temperatures  i n  t h e  

presence of gaseous a- l i q u i d  w a t e r  ( the s o l u b i l i t y  o f  s ider i te  a t  law temperatures  

i n  s o l u t i o n s  w i t h  d i f f e r e n t  pH and Eh values ,  as w e l l  as  t h e  reduot ion-oxidat ion re- 

a c t i o n s  i n  t h e  hypergenet ic  z o m ,  t ire iiot discussed he re  as they  have been s tud ied  

i n  d e t a i l  by R. Htlrreis /z/). 
s i d e r i t e  Oxidation r e d c t i o n s  by water have very l o w  values (Fig.  5), but as t h e  

A t  25% , t h e  equi l ibr ium constunts  of a l l  poss ib l e  - 

t empera ture  r ises t h e  equi l ibr ium i n  reactions X and XI r evea l s  a sharp t u r n  toward 

t he  d e v e l o p e n t  of magnet i te  and hematite. 

i n t o  magnet i te  KT ty water equa l s  I, and a t  5 0 0 0 ~  it amounts t o  ~ 0 1 1  f o r  r e a c t i o n  x 

and 10l3,l8 f o r  r e a c t i o n  X . 
process:  

A t  AYO-14U°C,  t he  oxida t ion  of s i d e r i t e  I 

a be t  us look a t  a case cha rac t e r i zed  Qy a step-like 

The D r e a k d m  of FeC% i n t o  FeO ( r e a c t i o n  I V )  followed by the oxida t ion  at' 



. 

Feu i n  r e a c t i o n s  XIXT and X I V  (Fig.5) with water, support  t h e  conclusion on the 

oxid iz ing  e f f e c t  of water. 

thermal d i s s o o i a t i o n  of sider i te  W i l l  De oxidized i n t o  magnet i te ;  the  ox ida t ion  Fe203 

( r e a c t i o n  33'1) i n  geologica l  cronditions i s  p r a c t i c a l l y  imposs ib le  inasmuch as it r e q u i r e s  

a very high fgZO value and an  i n s i g n i f i c a n t  f 

t h e  r e l a t i o n s h i p  between t h e  i r o n  compositions i n  t h i s  system i s  provided by t h e  

diagram (Fig. 6 )  oonstructed f o r  40OoC. 

. The o i t ed  curves show t h a t  t h e  N O  produced by the 

. A b e t t o r  graphic  d e s c r i p t i o n  of 
H2 

It is c h a r a c t e r i s t i c  t h a t  a t  temperatures above 100°C, t h e  magnitudes Hf of t h e  

ox ida t ion  of' FeC% and FegOq, by l i q u i d  water ( f ,  X l a  and X l l a )  exceed the  K f  mag- 

n i tudes  of similar r e a c t i o n s  involving gaseous water (X, X1, and X l l l ) ,  even though 

the na tu re  of the  curves i n  Fig. 5 i s  t h e  same. 

i n t r o d u c t i o n  of a n  appropr i a t e  co r rec t ion  f o r  p re s su re  W i l l  reveal tha t  i n  t h e  case 

of T and p, whioh are s u p e r c r i t i c a l  f o r  water ,  t h e  a c t u a l  ourve lgK 

occupy some in te rmedia te  pos i t ion .  

g a t i o n  of water i n  t h e  above-reviewed metamorphic prooesses  had l i t t l e  effect  on t h e  d i r -  

e c t i o n  of the irreversible r eao t ions  involving water a t  h igh  temperatures.  

A ahange from K f  t o  Kp and t h e  

= f ( T )  w i l l  P 
Hence t h e  important  conclusion that the aggre- 

Fig.6 Isothermal  diagram of s i d e r i t e  Fig. 7. Diagram of s i d e r i t e  and 
and f e r r i c  oxide s t a b i l i t y  a t  
4OOoC i n  coord ina tes  l g  fHZO, 
1g fC02 and l g  f H Z '  

magnet i te  s t a b i l i t y  range, 
depending on t o t a l  pressure 
(lg Ptot ) p a r t i a l  pressure 
( l g  P ) and temperature.  

H20 
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A comparison of curves  lgKf = f ( T )  of the s i d e r a t i o n  d i s s o c i a t i o n  r e a c t i o n  i n  

a ' d ry  n e u t r a l  medium V, and the  oxida t ion  r e a c t i o n  of FeC03 by water i n t o  Fe304-X, 

w i l l  show t h a t  t h e  curve of t h e  f i r s t  r e a c t i o n  is lower t h a n  t h a t  of t h e  second. 

S imi l a r ly  arranged are t h e  curves represent ing  the  ox ida t ion  of FeO by carbon d ioxide  

( V U )  and w a t e r  vapor (X111). 

t h e  r i s i n g  temperatures  made t h e  s i d e r i t e  uns t ab le  and changed it 60 magnet i te ,  

Thus if t h e  metamorphosed i r o n  ore  contained w a t e r ,  

not because of t h e  usua l  thennal  d i s s o c i a t i o n  inc luding  the  release of C02 and CO, 

but as a r e s u l t  of t h e  FeC03 oxida t ion  by water and the r e l e a s e  af EO2 and moleoular 

hydrogwn. 

s h i f t  the equi l ibr ium i n  t h e  d i r e c t i o n  of s i d e r i t e  s t a b i l i t y  bu t ,  a n s  t h e  c a l c u l a t i o n s  

An inc rease  i n  pressure,  according t o  t h e  Le Chatelier p r i n c i p l e ,  Wi l l  

shciw, even under a pressuae of severa l  thousand atmospheres F0C03 reacts wi th  w a t e r  

and produoss Fe304 a t  a temperature  range of 400-6OO0C. A more graphio d e s c r i p t i o n  

of t h e  e f f e c t  of pressure on the s t a b i l i t y  range of s i d e r i t e  and magnet i te  oan be seen 

i n  the diagram (Fig.7) where suoh ranges are shown a t  law temperatures  i n  t h e  lgPtot 

- 
<Ptot,- PH20 1) Pcoz+PH2) and 1gP coordinates .  On t h a t  diagram it i s  easy t o  

H2O 
f i n d  t h e  f r a o t i o n  of t h e  w a t e r  vapor i n  t h e  equi l ibr ium gas mixture  f o r  any T and p,  

as w e l l  as t h e  composition of t h a t  mixture. 

of 1000 atmospheres, t h e  composition of the equi l ibr ium mixture ,  expressed i n  partial 

p re s su res ,  i s :  pHZO - 65 atmospheres, P - 700 atmospheres and P - 235 atmospheres, 

These f i g u r e s  are  very approximate as they  have been ca loula ted  on t h e  assumption that 

For example, a t  4OO0C and a t o t a l  p ressure  

co2 H2 

t h e  m i x t u r e  i s  governed by t h e  l a w s  of ideal  gases ;  but they  provide a genera l  idea 

of t h e  important  r o l e  of wa te r  as a n  oxid izer ,  and t h e  r o l e  of hydrogen i n  metemorphic 

f l u i d s .  As the  temperature  rises, the  concent ra t ion  of hydrogen i n  such f l u i d s  should 

g r e a t l y  exceed t h e  concent ra t ion  of water vapor or l i q u i d  water.  

The above-cited diagram(Fig.7) o l aa r ly  shows t h e  r e c i p r o c a l  eff ect af temperature  

and p r e s s u r e  on s i d e r i t e  and magnetite. A r ise  i n  tempera ture  i n c r e a s e s  t h e  s t a b i l i t y  

range of Fe 0 

expansion of t h e  'FeC% s t a b i l i t y  range. 

and a n  inc rease  i n  pressure reduces t h a t  range by a corresponding 3 4' 

Thus whenever the metamorphism of f e r rug inous  sedimentat ions took  place i n  the 



presence of w a t e r ,  one of t h e  major B o l a t i l e  oomponents must have been hydrogen whose 

concent ra t ion  ( o r  v o l a t i l i t y  or  partial p re s su re )  l a r g e l y  determined the condi t ions  

of the development and s t a b i l i t y  range of the i r o n  minerals.  

The FeO-COZ=O2 system 

The fol lowing p o s s i b l e  oxidat ion r e a c t i o n s  of s i d e r a t e  and i t s  d i s s o c i a t i o n  

products  w i t h  f r e e  oxygen; 

(xv> 

( X W  

1 
3FeCOa + 2- 0 2 t  Fe,O, + 3co2. 

1 2FeCOa + - 2 022 Fe,O, + 2C02, 

(XVII) 1 
3Fe0 f - 2 - 0,z Fe,04, 

are oha rac t e r i t ed  by very high  Kf' values (Fig.8) which i n d i c a t e s  t h a t  s i d e r i t e  

becomes uns t ab le  and changes t o  magnetite o r  hemati te  even a t  a b s o l u t e l y  low f 

balues. 
02 

Thus a t  5OO0C, FeC% begins  t o  change i n t a  Fe30q as it reaches  and mainta ins  

the  fo  during t h e  r eac t ion ,  which corresponds t o  a p a r t i a l  oxygen pressure  of only 
2 
atmospheres (wi th  P less t h e n  3000 atrn.); ~ e ~ O 4  remains stable w i t h i n  t h e  

CO2 
range of Po 10'29-10'18 a t m . ,  and changes t o  Fe203 a t  higher  P va lues  ( a l s o  a t  

corresponding p 

tempera ture  is poss ib l e  only a t  P values  and lower t h a n  10 atmospheres. Shawn 

i n  t h e  diagram (F ig . ( )  i s  t h e  s t a b i l i t y  range  of t h e  i r o n  compounds i n  t h e  coord ina tes  

lgfo2, lgfCo2,  and T; t h e  equiva len t  values  of f 

a s s o c i a t i o n  i n  connection w i t h  t h e  temperature can be found d i r e c t i l y  from t h e  diagram. 

0 

values) .  A reverse  uhange of hemat i te  t o  magnet i te  at t h i s  

-18 (3O2 

02 

and f f o r  each mineral  
02 002 

A study of the n a t u r a l  mineral  a s soc ia t ions  of metamorphic rocks  f a i l e d  t o  

reveal any proof of t h e  r o l e  of free molecular oxygen (and a corresponding inc rease  

i n  f Generally, t h e  metamorphiu processes  took p lace  a t  very 

low f va lues .  This conclusion i s  supported a l s o  by the  t h e o r e t i c a l  and exprimental  

i n v e s t i g a t i o n s  c a r r i e d  out by G. E i g s t e r m  and 3 g w h o s e  d a t a  on t h e  Fe-0 system a r e  

) i n  the  metamorphism. 
O 2  

0 2  

- 
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d o s e  t o  ours. 

On t h e  whole, t h e  diagram c i t e d  i n  Fig.9 serves as a genera l ized  scheme, inasmuch 

as the above-discussed diagrams (Figs .  2 and 6) r ep resen t  p a r t i c u l a r  ca ses  of t h i s  

diagram. This deduct ion i s  explained by t h e  fa& tha t  t h e  oxid iz ing  oapaci ty  of H 0 

and CO i s  conditioned by t h e  thermal d i s s o c i a t i o n  r e a c t i o n s :  
2 

2 

(=I) 2c0, ;: 2co + 0,. 
The equi l ibr ium cons tan ts  of t h e s e  r e a c t i o n s  (Fig.  10) have low va lues ,  but a t  

temperatures  of 150-200°C t h e  equi l ibr ium f 

i s  a l r eady  c lose  t o  t h e  fo 

20O0C it exceeds them t o  such a n  ex ten t  whereoy FeC03 or  FeO can be oxidized i n t o  

ca l cu la t ed  f o r  r e a c t i o n s  XX and XXI, 
02 

equi l ibr ium of r e a c t i o n  XV and even X V I I ,  and above 
2 

magnetite.  It i s  i n t e r e s t i n g  t h a t  a t  equal  temperatures t h e  K f  magnitudes of re- 

a c t i o n  XX are always g r e a t e r  t h a n  r eac t ion  XXI, t h a t  i s  t h e  w a t e r  i n  the condi t ions  

of metamorGhism has a g r e a t e r  oxidizing capac i ty  than  CO2 which is f u l l y  confirmed 

by t h e  d a t a  of t h e  preceding sect ions.  

. 

t% 

500 

CDO 

300 

Fig. 8. Tne r e l a t i o n  between t h e  equilibrium Fig.  9. Diagram or' s i d e r i t e  and 
constant logari thm and t h e  temperature i n  the i'errnic oxide s t a b i i i t y  ranges 

i n  coord ina tes  lg fez, lg fcVZ, fol lowing r e a c t  ions : 
1 and tOC. 

XV - 3 FcC03+ y O l ~ F e r 0 . + 3 C O z ;  
1 

XVI - 2 FeCO,+ P O Z ~ F ~ Z O ~ + ~ C O I :  
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Fig. LO, T n e  r e l a t i o n  between t h e  equi l ibr ium 
cons t sn t  logarithm and t h e  temperature  in 
t h e r n a l  d i s s o c i a t i o n  r e a c t i o n s  or' water and 

co2 : 

XX - 2  H 1 0 $ 2  Ha+Oi; 
.XXI - 2 CO.22 CO+Oa. 

It appears from curve lgKf P f ( T )  of r eao t ion  X I X  and t h e  diagram (Fig. Y )  

t h a t  at; temperatures  up t;o 6OO0C hematite can change t o  magnet i te  only a t  very l ow 

va lues  which could not have amerged during the metamorphism of homogeneous 
fo2  
hemati ta  ( g o e t h i t e )  rocks,  i f  t h e  o thers  d id  not con ta in  any reducing agen t s  ( o r -  

ganic  rook, s ider i te ,  ets.). 

w i l l  always ma in ta in  a f a i r l y  high f 

from hemati te  t o  magnetite rocks. The predorninanoe of magnetite i n  fe r ruginous  

The presence of H 0 o r  C02 i n  t h e  metamorphic rocks 
2 

value  i n  o r d e r  t o  prevent a d i r e c t  change 
02 

rocks  i n  t h e  lower and middle s t ages  of t h e  metamorphism i n d i c a t e s  t ha t  it had 

d e v e h p e a  e i t h e r  from s i d e r i t e  o r  mixed siderite-hematite rocks ;  i n  the hi t te r  case 

t h e  f va lue  was Low enougn t o  f a o i l i t a t e  the conversion of hematite t o  magnetite.  
0 2  

General Geokogical Conolusions 

M. P. Semenenko [Ti7 o l a s s i f i e s  t he  f e r rug inous  q u a r t z i t e s  and schis ts  contain-  - 
i n g  s i d e r i t e  as metamorphic s c h i s t  which devtlloped a t  temperatures  up  t o  3'75-40Uo. 

Considerably higher temperatures  a r e  mentioned i n  V. S, Sobolev's s t u d i e s  /237; t h u s  

the boundary of t h e  low- and medium- temperature metamorphism i s  estimatea a t  600 C, 

and t h e  temperature  of t h e  lower boundary of t h e  r eg iona l  metamorphism a t  450-50O0C. 

-- 
0 
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According t o  F. Turner and J. Ferhugen p57, t h e  temperature  a t  t h e  time of t h e  for- 

mation of t h e  mettlmorphio i't'acies of greenstone slate t'Auctuatea between 3vO and 50OoC, 

- -  

The pressure,  aooording t o  var ious truthors, may have f luc tu - t ed  from 1000 t o  8000 a t m .  

It appeares  from the  ttdduced t h e o r e t i o a l  d a t a  that s i d e r i t e  becomes uns t ab le  

a t  temperature  bel ieved t o  exist a t  t h e  lower boundary of the  r e g i n a l  metamorphism, 

and should change t o  magnetite.  

conversion t a k e s  p lace  a t  s t i l l  lower temperatures .  

I n  the  presence of gaseous o r  l i q u i d  water t h i s  

Above 4OO0C, s i d e r i t e  i s  

capable of a s t a b l e  ex is tenoe  only under g r e a t  p re s su re  (over  5,000 ab.), o r  a n  

i n s i g n i f i c a n t  f 

The equi l ibr ium s ide r i t e -magne t i t e  a s soo ia t ion  i s  a buf fered  a s soc ia t ion ,  

which may ocaur i n  the l i m i t e d  content  of i n t e r s t i t i a l  water. H20 
t h a t  i s  it 

can e x i s t  a t  a given temperature  and t o t a l  p ressure  only with d e f i n i t e  and p r e c i s e l y  

def ined  magnitudes of f and o the r  v o l a t i l e  oomponents i n  a n  equi l ibr ium mixture. 
H20 

The re la t ive q u a n t i t i e s  of ind iv idua l  s o l i d  phases do not affect  t h e  composition of 

such a mixture ,  but a change i n  t h e  conoentrat ion of even one of t h e  v o l a t i l e  components 

w i l l  produoe a change i n  t h e  r e l a t i v e  q u a n t i t i e s  of t h e  s o l i d  phases ( a s  a r e s u l t  of 

he te rogenio  r e a c t i o n s )  u n t i l  t h e  o r i g i n a l  equi l ibr ium o m p o s i t i o n  of t h e  gas  mixture  
c 

i s  r e s to red ,  

magnet i te  a s soc ia t ion ,  which i s  a buffered assou ia t ion ,  could e x i s t  i n  a state of 

we showed that i n  t h e  condi t ions  of r eg iona l  metamorphism, t h e  s i d e r i t e -  

equ i l ib r ium wi th  a gas  mixture w i t h  conparat ively low fH 

a p a r t i a l  roo. 

i n  t h e  proaess  of metamorphism would have led  t o  a n  inorease  i n  f 

i n  the  r e l a t i v e  mass of magnet i te  and s i d e r i t e .  

and high ' co2, f H2 and 
2 

I n  t h e  case of an open system, t h e  i n f l o w  of new water t o  t h e  rocks  

and a change 
a20 

In the  case of permanent su rp lus  of 

water i n  t h e  metamorphic f l u i d s ,  as sane r e s e a r c h e r s  seean t o  be l ieve ,  s i d e r i t e  oould 

not  remain s t a b l e  even a t  comparatively low temperatures  (up t o  300 C ) ,  and could not 

be r e t a i n e d  i n  t h e  fe r ruginous  q u a r t z i t e s  of t h e  Krivoy Rog type.  

0 

The s implest  

c a l c u l a t i o n s  show t.ht t h e  complete oxida t ion  of s i d e r i t e  t o  magnet i te  r e q u i r e s  a r e l a -  

t i v e l y  s m a l l  quan t i ty  of' water. 

Thus t h e  hypothesis  t h a t  t h e  magnetite of f e r rug inaus  q u a r t z i t e s  is formed from 

primary sedimentary and d iagene t i c  s i d e r i t e  is f u l l y  substained from a physico-  

chemical po in t  of view. 
17 



The metamorphism of fe r ruginous  rocks whioh con ta in  s i d e r i t e  i n  a s s o c i a t i o n  w i t h  
I .  

mingnetite o r  s i l i c a t e s  took place a t  r e l a t i v e l y  low temperature ,  and t h e  lower 

temperature  boundary of the dynamothermal metamorphism ( t h e  s t age  of slate of t h e  

green s la te  f a c i e s )  must have been 30OoC. 

remain s tas le  only w i t h  1- f ,  values ,  that i s  w i t h  a l i m i t e d  content  and inf low 

of water i n  the rocks undergoing metamorphism. 

r o l e  of water i n  t h e  metamorphic processes  of t h e  f e r rug inaus - s i l i ceous  rocks.  

A t  h igher  temperatures  t h e  s i d e r i t e  could 

620 
These d a t a  i n d i c a t e  t h e  important 

The 

buffered s ider i te -magnet i te  a s soo ia t ion  oould main ta in  a stable ex is tence  dur ing  

t h e  process  of metamorphism only w i t h  c e r t a i n  equi l ibr ium va lues  f HZO’ f co2’fC0D f H2 

which could be found as a q u a n t i t a t i v e  express ion  from the  c i t e d  diagrams. 

ohange i n  t h e  v o l a t i l i t y  of t h e s e  components i n  t h e  metamorphic f l u i d s  produces as much 

The 

of a n  effect on t h e  s tab i l i ty  range of t h e  i ron-ore minera ls  a s  teloperature and pressure .  

Consequently, t h e  numDer af v a r i a b l e s  d e t e m i n i n g  t h e  boundaries of the metamorphic 

f a c i e s  should i n d u d e ,  i n  the above-discussed cases, not  only t h e  temperature  and 

gene ra l  p ressure  but a l s o  the concent ra t ion  ( v o l a t i l i t y  and p a r t i a l  p ressure)  of t h e  

v o l a t i l e  omponents  H20D GOzJ H and CO. * 
2 

A comparison of t h e  paragenet ic  a s soo ia t ion  of f e r rug inous  r o c k s  oontaining 

s i d e r i t e  w i t h  t h e  temperature  condi t ions  of t h e i r  format ion  j u s t i f i e s  t h e  conolusion 

t h a t  i n  many oases, a s  i n  t h e  paragenesis  of s i d e r i t e  w i t h  cmmingtone fas example, 

t h e  p rogres s ive  metamorphic process took p l ace  i n  condi t ions  of l i m i t e d  p a r t i a l  water 

pressure .  Bence the l o g i c a l  conclusion that t h e  s i d e r i t e - c h l o r i t e D  s ider i te -magnet i te  

and siderite-curmningtonite a s s o o i a t i o m ,  f o r  example, w e r e  f onned a t  similar r a t h e r  

t h a n  d i f f e r e n t  temperatures  but under d i f f e r e n t  p a r t i a l  water  p re s su res .  The la tes t  

in fo rma t ion  supports  t h e  c r i t i c i s m  of the concept that water  was  present  everywhere as 

a free phase during t h e  metamorphism 0 0  and 181. 

The a v a i l a b l e  t h e o r e t i e a l  d a t a  j u s t i f y  the  assumption t h a t  considerable  q u a n t i t i e s  

of molsoular  hydrogen were re leaaed  during t h e  metamorphiRm of s ide r i t e - con ta in ing  

f e r rug inous  rooks. 

of snah rocks  w i t h  an  i r o n  oontent  usual f o r  Krivoy Wg, even if  w e  assume t h a t  ocly 

ha l f  of t he  i r o n  was o r i g i n a l l y  included i n  t h e  s ider i te ,  one cubic meter  of  rook could 

Prel iminary ca l cu la t ions  show that  during t h e  metamorphic process  

18 



3 release up t o  50 m of hydrogen ( ca l cu la t ed  i n  terms of normal cond i t ions ) ,  o r  
10  3 

' 5-10 m H2 from one cubic  meter. The format ion  of H2 i n  t h e  s ide r i t e -ox ida t ion  
l 

and o ther  n a t u r a l  i r o n  oxides  r eac t ions  w i t h  w a t e r  accounts  i n  some measure f o r  t h e  

emergence of depth  hydrogen. 
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THEOIBTICAL DATA ON THE STABILITY OF SIDERIE 
IN THE PROCESS OF METAMOi3PHISM 

J Re swne 

Thermodynamic c a l c u l a t i o n s  are used i n  t h i s  a r t i c l e  t o  determine t h e  boundaries 

of t h e  s t a b i l i t y  range d s i d e r i t e  and i r o n  oxides, depending on t h e  temperature,  gene ra l  

p re s su re  and concent ra t ions  (expressed i n  terms of v o l a t i l i t y )  of t h e  basic oomponents 

of metamorphic fluids--H 0, CO All t h e  pos ib l e  s i d e r i t e  d i s s o u i a t i o n  

r e a c t i o n s  and t h e  fol lowing reduct ion-oxidat ion r e a c t i o n s  i n  va r ious  media have been 

H , CO and 0 
2 2' 2 2. 

d i scussed :  

water medium (free oxygen absent) ; 0 )  i n  a n  oxygen-containing medium. 

a )  i n  a n e u t r a l  d r y  medium ( f r ee  oxygen and w a t e r  are absen t ) ;  b) i n  a 

S i d e r i t e  d i s s o c i a t i o n  i n  a dry neu t r a l  medium should t a k e  p l ace  i n  t h e  fo l lowing  

genera l ized  r eac t ion :  

3FeCO, 2 FeaOI + 2CO,,+ Co; 

t h e  f u r t h e r  ox ida t ion  of magnetite t o  hematite by carbon d iox ide  during t h e  metamorphic 

per iod i s  not  very probable,  a s  Fe 0 r ep resen t s  a s t a b l e  s o l i d  phase w i t h i n  a wide range 
3 4  

of f and f co values.  
c02 
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The fol lowing genera l ized  r e a c t i o n  i s  of major importance i n  t h e  presence of 
A 

water as  a f r e e  phase i n  t h e  metamorphic rocks :  

t h e  equi l ibr ium cons tan t s  of t h i s  r e a a t i o n  above 150-2OO0C exceed 1 and are h ighe r  

t han  t h e  equi l ibr ium cons tan ts  of t he  s i d e r i t e  d i s s o c i a t i o n  r e a c t i o n  i n  a w a t e r l e s s  

medium. 

Thus in the  law and middle s tages  of dynamothermal metamorphism, s i d e r i t e  i s  

uns t ab le  and should change t o  magnetite even i n  t h e  absence of oxygen. The presence 

of water reduces t h e  temperature  of t h i s  changing process ,  and t h e  inc rease  i n  

pressure r a i s e s  it. The above-cited diagrams of t h e  s t a b i l i t y  range i n  t h e  FeO-CO 4 0  2 

and FeO-COZ-H2pH systems make it poss ib le  t o  c a l c u l a t e  t h e  composition of t h e  
2 

equi l ibr ium g a s  mixture ( f l u i d )  f o r  any mineral  o r  minera l  a s s o c i a t i o n  a t  t h e  

tempera tures  and under t h e  pressures e x i s t i n g  i n  t h e  metamorphio period. It has been 

e s t a b l i s h e d  that  a t  tempera tures  of' 400-600° and under p re s su res  of several thousand 

atmospheres s i d e r i t e  oan maintain a s t a b l e  ex i s t ence  only i n  a s t a t e  of equi l ibr ium 

w i t h  a f l u i d  oharac te r ized  by 1uw f va lues  and very high  f and f values.  
H2O co2 H2 

The discovery Or s i d e r i t e  i n  a s s o c i a t i o n  w i t h  magnet i te  o r  f e r rug inous  si l icates 

i n  t h e  metamorphosed fe r ruginous  q u a r t z i t e s  i s  i n d i c a t i v e  of t h e  r e l a t i v e l y  l o w  

t empera ture  of the metamorphism of these  rocks.  A t  any rate, t h e  lower temperature  

boundary of t h e  dynamothermal metamorphis ( t h e  s la te  e t age  of the greenstone s la te  

f a c i e s )  d i d  not exceed 3oO°C. The siderite could have remained s t a b l e a t  higher  temper- 

atures only i n  case of a l imi t ed  content and i n f l a w  of water i n t o  t h e  metamorphosed 

rocks.  A comparison of t h e  paragenet ic  a s s o c i a t i o n s  of t h e  s ide r i t e - con ta in ing  

fe r ruginous  rocks  w i t h  t h e  assumed conditions of t h e i r  formation j u s t i f i e s  t h e  con- 

o lus ion  t h a t  i n  many cases t h e  progressive metamorphism took p laae  under very l i m i t e d  

p a r t i a l  water p re s su re ,  The assumption ap2ears  t o  be well-grounded t h a t  t h e  s i d e r i t e -  

c h l o r i t e ,  s ider i te -magnet i te  and siderite-cummingtonic a s soc ia t ions ,  f o r  example, I 

were  formed a t  t h e  same, r a t h e r  t h a n  d i f f e r e n t ,  temperatures ,  but under d i f f e r e n t  p a r t i a l  

water  p re s su re .  The number of var i ab le s  determing the  boundaries of t h e  metamorphio 
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f a c i e s  i n  the above disoussed oases should therefore include not only the  temperature 

and general pressure but a l so  the oonoentrations ( v o l a t i l i t y  and partial  pressure) o f  

the vo la t i l e  components HZO, COz,  H and CO. The assumption i s  made, i n  conalusion, 

t ha t  rnoleoular hydrogen i s  released by t h e  siderite-containing ferruginous rocks i n  

the prooess of metamorphism. 
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